The equations used in soil physics to characterize the hydro-physical properties of the soil medium cannot be other than empirical since they do not take into account the multi-scale functional organization of the soil medium that is described in Pedology. To allow researching the correct formulation of the physical equations describing the soil medium organization and properties, a new paradigm of hydrostructural pedology is being developed. This paradigm is to establish the conceptual link between the classical Pedology and the soil-water physics (hydrostructural characterization and modeling of the soil medium). The paradigm requires the exclusive use of the concept of Structural Representative Elementary Volume (SREV) instead of the classical Representative Elementary Volume (REV) in any physical modeling of the hydrostructural behavior of the soil medium and of the links with the biotic or abiotic processes evolving within it. This article presents the development of the physical equations of the shrinkage curve and the soil water retention curve from the thermodynamic point of view according to the new paradigm. The new equations were tested and the theory validated using data of simultaneous measurement of both curves on a cylindrical soil sample (pedostructure). Implications of these results on the physical modeling in agro environmental sciences are discussed.
INTRODUCTION
The soil system, as it is actually considered in agro-environmental sciences, is represented as a vertical succession of horizontal layers defined as Representative Elementary Volumes (REVs) of the soil medium. This representation resulted in having similar and averaged hydrostructural properties of the soil medium. In this approach, all descriptive variables of the soil medium are average variables referenced to a volume (the REV) of which the internal organization, as well as its own delimitation, is ignored. It is obvious that no physical equation of these hydrostructural properties of the soil medium can be found if one ignores its internal organization; therefore, it is still a difficult task to define and describe any physical interaction between the water molecules and the solid particles making the structure (infrastructure) of this organization.
The use of the REV concept produced several empirical equations that are used in soil physics to characterize the hydro-physical properties of the soil medium, which imposes limitations upon the coupling of the soil physics with other agroenvironmental disciplines (Ahuja et al., 2006) . For example, the soil water retention curve [h(θ)] which links the volumetric water content (θ) [m 3 m −3 of soil] to the soil matrix pressure head (h) is still not physically determined and still represented by different parametric equations (El Kadi, 1985; Leij et al., 1997) , showing that it is not coming from a unique theory of the soil medium organization. The case is the same with the other curves such as the hydraulic conductivity curve (Leij et al., 1997) and the soil shrinkage curve (Cornelis et al., 2006; Chertkov, 2012) . proposed a new approach for characterizing and modeling the structured soil medium organization and its physical interaction with water. In this new approach, the basic concept of REV was replaced by the concept of Structural Representative Elementary Volume (SREV). This replacement was compulsory for defining a closed hydrothermo-dynamic systems on the soil structure. Thus, in contrary to the REV, the SREV concept takes into account the soil structure and its hierarchy (Figure 1) . Another complementary concept was used in the new approach, the pedostructure concept, which was proposed by . Pedostructure concept defined and described the soil structure of a soil medium at its first level of organization as an assembly of primary peds and eventually inert mineral grains (sand) . All the components present in a certain volume of the pedostructure are referred to the mass of the solid phase contained in this volume instead of being referred to the volume itself like in the REV concept (Figure 1) . The change of REV to SREV leads to a completely different system of descriptive variables for the pedon and its internal organization like the horizons and pedostructures as mentioned in Table 1 . Using this new system of variables the description of the pedostructure as an assembly of primary peds put in light the two complementary pore systems, said micro (intra primary peds) and macro (inter primary peds), of which the different hydrostructural behaviors are at the basis of all the soil water properties.
These two concepts, pedostructure and SREV, are at the basis of the new paradigm of hydrostructural pedology defining variables and physical units (Table 1) related to the pedon and its internal organization represented in Figure 2 .
The computer model, Kamel® ) can be considered as representative of the generated new discipline, highlighting the following two key points:
• The SREV concept and its system of specific variables, extensive and intensive, replaced the REV concept and its system of normalized volumetric variables (densities, water contents in m 3 /m 3 ). Then, it was used for the description and simulation of all dynamic processes inside the pedon.
• The distinction of the pedostructure water content (W) into W mi and W ma , as micro and macro water contents of the pedostructure, located respectively inside and outside of the plasmic porosity of primary peds.
In this article, and continuing to build on the two key points above, the authors wanted to apply the SREV concept to the thermodynamic theory of soil water written by Sposito (1981) based on the REV concept (hypothesis of homogeneous mixture of a tri-phasic "solids, water, air" soil medium). Therefore, this paper presents a new formulation of the thermodynamic functions and state equations of the soil medium, represented by its pedostructure. In particular, the thermodynamic formulation of the micro and macro pedostructure water contents at equilibrium [W eq ma (W) and W eq mi (W)], i.e., at equality of water potentials inside and outside of the primary peds at each equilibrium step of water removal from the pedostructure. The theory is presented hereafter establishing the generalized equations for the soil water retention curve h(W) and the shrinkage curve V (W). These equations will be validated in laboratory and compared with the previous equations proposed by Braudeau and Mohtar (2004, 2009 ), according to the pedostructure concept but without the notions of thermodynamic equilibrium of the soil medium.
THEORY HIGHLIGHTING THE TWO TYPES OF WATER, INTRA AND INTER PRIMARY PEDS, IN THE SOIL MEDIUM
The distinction between internal and external water of the micro particles of a soil sample (W mi and W ma ) was first quantitatively Subscripts mi, ma, and s; refer to micro,macro, and solids; ip, st, bs, and re, refer to the name of the corresponding shrinkage phase of the shrinkage curve:
interpedal, structural, basic, and residual after . established by Braudeau (1988) from the interpretation of the soil shrinkage curve. In such testing, the shrinkage curve was continuously measured on soil samples of approximately 100 cm 3 using very sensitive displacement sensors. This distinction of the water content (W) into both deformable micro-and macro-pore systems was quantitatively formulated assuming that the air entry point in the micropore system (primary peds) of the soil, separating de facto both nested micro and macro systems, can be accurately read from the measured shrinkage curve at the end of the basic shrinkage phase corresponding to the point B on the curve (Figure 3 ). This was confirmed by mercury porosimetry measurements (Braudeau and Bruand, 1993) . In fact, this air entry point delineates conceptually and quantitatively the two nested pore systems: the micro pore system, that of the plasma composing primary peds, and the interpedal macro pore system at the surface outside of the primary peds and complementary to them in the pedostructure system volume (Figure 3 , Table 1 ). Two formulations have been given to these types of water at equilibrium in terms of water content (W): an empirical formulation that resulted in an excellent fit with observed shrinkage curves [V (W)] (Braudeau, 1988; Braudeau and Bruand, 1993; Braudeau et al., 1999; Boivin et al., 2004; Boivin, 2007) . Then, a physical formulation that based on a probabilistic reasoning by simultaneously removing those two types of water from both systems of the pedostructure during evaporation , such that:
and
In these equations: W mi and W ma are considered complementary in the pedostructure specific pore volume Vp. While, the pedostructure parameters: k M and W M are characteristics of the hydro-structural behavior of the soil medium within the range of the shrinkage curve between the structural and the basic shrinkage phases, of slope K st and K ip , respectively (Figure 3) . Hence, according to (1a) and (1b), W M is equal in value to the maximum value of W mi , i.e., W miSat , and k M is such that k M = −Ln(2)/W maM ; they are parameters related to the sense and extension of the curvature near point M of the shrinkage curve on Figure 3 . These parameters can be determined by fitting Equation (1) on the corresponding shrinkage range of the shrinkage curve which, on the other hand, should be continuously measured on soil samples according the methodology of Braudeau et al. (1999) . Then, in the study the soil water retention curve, h(W), associated to the shrinkage curve, V (W), of a soil sample using the device shown on Figure 4 ; Braudeau and Mohtar (2004) assumed that h(W) was directly linked to the macropore water content and is, in fact, governed by W ma instead of W. They rewrote different equations of h(W) proposed in the literature, but in terms of W ma rather than W according to the pedostructure concept. The equations tested were physically established by their authors (Berezin et al., 1983; Low, 1987; Rieu and Sposito, 1991) on the basis of different hypotheses made about the hydro-structural properties of the soil medium (fractal and thermodynamic) compatible to the pedostructure terminology (variables and parameters). Among them, the thermodynamic equation of Berezin et al. (1983) , was modified into:
where h mi and h ma are positive and expressed in (kPa); E mi and E ma were defined as the potential energies of the solid phase resulting from the external surface charge of clay particles, inside and outside the primary peds, in (Jkg −1 of solids); σ was defined as a part of the micropore water at interface with interpedal water in (kg water kg −1 soil); w re is the residual water content in (kg water kg −1 soil), complementary of the basic water content w bs in W mi ( Table 1 ) and defined by the interpretation of the shrinkage curve as shown in . The terms: σ , w re and W N = w reSat in Equation (2b) are pools of water added by Braudeau and Mohtar (2004) to take into account the air entry in the plasmic medium of primary peds.
The fitting results of observed shrinkage and water retention curves as measured in Braudeau and Mohtar (2004) using the device shown on Figure 4 and the calculated ones based on Equations (1) and (2) were good enough to confirm that W ma is a control variable for these curves, including the shrinkage curve.
However, it was impossible at that time to give any information about h mi (W mi ), the equilibrium relationship between h mi and h ma , as well as the validity of Equation (2) out of the tensiometer validity range, and other related questions like: the nature of the micro air entry point, the impact on the formulation of the curve, the need or not of parameters σ , and W N in Equations (2a) and (2b). All these questions will be clarified in the present article. In fact, the challenge is now to introduce the thermodynamic theory, through the SREV concept, into the soil water physics already placed in the frame of the hydrostructural pedology.
THERMODYNAMIC FORMULATION OF W ma AND W mi AT EQUILIBRIUM STATE OF THE PEDOSTRUCTURE

Definition of the hydro-thermodynamic system of the soil medium
Applying the thermodynamic principles to the soil medium such that it can be considered as a physical and organized thermodynamic system exchanging material, liquid, gas, heat, and space with all other systems in contact with it, requires first the acknowledgment of the pedostructure as a thermodynamic system. The SREV concept defined by transforms the virtual delimitation of any representative volume (REV) of the soil medium organization into a hydrostructural functional delimitation of this REV. Then, a SREV can be considered as a thermodynamic system closed on the mass of the solid phase of the structure (structural mass) contained in the delimited volume and cut by the delimitation bearing on the external parts of the structure enclosed. Accordingly, the structural mass of a SREV stays constant and can be taken as a reference, instead of the volume, for defining all the extensive variables describing its internal organization.
Thermodynamics variables of the soil medium organization
The definitive change brought by the SREV approach is that the descriptive variables of the internal organization of the soil can all be defined according to the hydro-structural and thermodynamics point of view. Table 1 lists the thermodynamic variables that describe the hydrostructural state of the soil organization at the pedostructure level of organization while Figure 2 shows the different hydro-functional levels of organization of the pedon, namely, the horizon, pedostructure SREV, primary peds and primary particles. There are two kinds of variables: intensive variables (temperature, pressure and water potential) and specific extensive variables (specific entropy, specific volumes, water and air gravimetric contents) which are extensive variables of the SREV reported to the same mass of reference, M s : the structural mass of the considered SREV. Thus, all extensive variables of the pedostructure system are referenced to the mass of the solids (M s ) that compose the structure (the oven-dry mass of the pedostructure sample), such that Table 1 ). We will use the term of pedostructural instead of specific to qualify these variables reported to the mass of the pedostructure SREV. These definitions lead to the following relationships between the extensive variables: ); ρ s , ρ w , and ρ a being the densities of the structural solid particles, the water and air phases of the pedostructure in (kg dm −3 ), respectively. Subscripts mi, ma, w, and s refer to as micro, macro, water, and solids making the soil structure.
Practically, the classic undisturbed soil sample brought to the laboratory for physical analysis (in general a cylinder of about 5 cm diameter, 5 cm high sampled in a soil horizon) can be considered as a SREV of the soil medium of the soil horizon where it was sampled. The hydrostructural characteristics that will be measured on this sample in the laboratory are theoretically those of the soil medium in situ, in the corresponding horizon in the field. This makes it possible now to apply the thermodynamic principles to the physical description of the internal organization of the pedon in situ.
Thermodynamics of the pedostructure, basic concepts, and terminologies
To apply the pedostructure and SREV concepts to the "thermodynamic theory of water in soil" presented by Sposito (1981) according to the REV concept, we rewrote equations of the thermodynamic potentials U and G, the internal energy and the Gibbs energy, and their differential formulation, in such manner that: (i) the extensive variables (including the thermodynamic potentials themselves) are all reported to (divided by) the structural mass, M s , of the pedostructure considered (a SREV of the soil medium organization); (ii) the two types of water W mi and W ma have been considered as two different components of the liquid water phase (W = W ma + W mi ); (iii) the pedostructure at water saturation is the moisture state of reference for the soil water retention h (or soil water pressure) which is written h = −ρ w (µ w − µ wSat ), in kPa, with the water density ρ w in kg/dm 3 ; and iv) the chemical potentials: µ w and µ air of the water and air components, in Jkg −1 , are accounted negatively by convention. Then, the total differential of the specific internal energy U of a pedostructure SREV can be written such as:
where U is the specific internal energy (Jkg (Table 1) , reported to the same structural mass M s (the mass of solids making the structure of the considered SREV). As for the intensive variables, T is the absolute temperature (K), P is the external pressure (kPa), µ wma and µ wmi are the chemical potentials of the water inside and outside of primary peds (Jkg −1 water ) in the pedostructure. In the usual terminology, the internal energy of a soil is a thermodynamic potential function U of which the independent variables are S, V, and {m iα } which is a set of component masses, i indexing a component and α a phase in the soil medium (Sposito, 1981) . As the other thermodynamic potentials obtained by performing the partial Legendre transformation on the internal energy U = U(S, V, {m iα }), one can consider G as an extensive quantity that is equivalent in all respects to the internal energy U but controlled by the independent variables of state: T, P, and {m iα }. "A knowledge of a thermodynamic potential is the same as a complete thermodynamic description of a soil" thus we can use U or G according to the set of controlled variables. Note that according to Sposito (1981) 
in terms of thermodynamic potential; however, the advantage of using the specific thermodynamic potentials U and G, expressed in units of joule by kg of soil structure, instead of U and G is to allow taking M s , the mass of solids composing the structure of the SREV, as a reference for all organizational variables of this volume, including the pedostructural volume V. Thus, considering G as a positive extensive variable, the total differential of the specific free energy G of the pedostructure corresponding to dU should be written such as:
and we can say that the hydrostructural and thermodynamic equilibrium of the soil medium is determined at U or G minimum, i.e., dU or dG = 0.
On the other hand, the Euler equation for G as an extensive variable is, according to Sposito (1981) (except for the sign):
where α represents the phase (solid, liquid, gaz), i the components in the considered phase, and µ o iα chemical potential of the chemical element under Standard State conditions. Subscripts str, wl, air in the following equations refer to as the solid, liquid and gaz phases in the pedostructure.
In the case of the pedostructure system (SREV), Equation (6) becomes:
where
The second law of the thermodynamics says that at equilibrium G is minimum and dG α = 0 for all phases. Hence, for liquid phase in particular, one can write the following relations:
The immediate solution of these Equations (8)- (10) is to consider G wmi and G wma as constant in Equation (8) during the slow decrease in water content (W) by evaporation, which leads to:
Let us now write the water retention (or suction pressure) in each compartment micro and macro of the pedostructure, h mi and h ma , respectively. They are written by definition such as:
where ρ w is the water bulk density and µ wmiSat and µ wmaSat are the micro and macro water potential at saturation of the pedostructure sample. At every water content W, there is no transfer of water between both compartments if h mi = h ma . Replacing the potentials in Equation (12) by their expression in terms of the water contents W mi and W ma according to Equation (11) gives:
At each infinitesimal departure of water (dW) under constant T and P, there is first a non-equilibrium between h mi and h ma followed by an internal transfer of water between the two pore systems (of poral volume Vp mi and Vp ma ) to restore the equilibrium of potentials. This return to equilibrium is in fact controlled by the rate of reorganization (due to swelling or shrinking) of clay particles inside the primary peds, in such a manner that the equality of both water pressures, inside and outside of primary peds, is respected according to Equation (13). Thus, the important hypothesis that we will have to validate in this article is that a change in water content of the soil sample by evaporation under constant P and T induces (i) a suit of hydrostructural equilibrium states defined by the equality of water retentions inside and outside of primary peds (h mi = h ma ) for each water content (W) and; and (ii) a particular distribution of W mi and W ma responding to Equations (8)- (13) where G wmi and G wma are supposed to be constant during this change in water content.
STATE EQUATIONS OF THE PEDOSTRUCTURE IN TERMS OF W Equilibrium distribution of W ma and W mi according to W
Let us suppose that G wmi and G wma are energies developed in the water phase by the surface charges of the particles constituting the structure of the considered SREV of the pedostructure. Its organization into an assembly of primary peds imposes a breakdown of surface charges of the structure into the two pore systems: those that are positioned inside of the primary peds, in contact with the microporal water; and the others that are positioned on the outer surface of primary peds, in contact with macro poral water. Since the pedostructure organization remains unchanged with the change of water content, these specific energies G wmi and G wma (reported to M s ) can be identified to E mi and E ma (Joule by kg of solids [Jkg −1 ]), the specific potential energies of the solid phase resulting from the surface charge of clay particles inside and outside of primary peds, as defined by Braudeau and Mohtar (2004) . According to Voronin (1980) , E = Q s RT, where Q s is the effective electric charge of the surface or effective exchange capacity in moles/kg of solids; R is the molar gas constant in JmolP −1 KP −1 and T the absolute temperature. Equation (13) can now be written and used under the following forms: question, let's define:
and the constant
Then, Equation (15) can be rewritten such as:
where each member of the three fraction is the sum of the corresponding members of the two first fractions of the equality. Rearranging Equation (17) 
of which W ma − E/A and W mi + E/A are the two solutions; giving:
and,
The equilibrium conditions imposed by Equation (15) 
The pedostructure shrinkage curve
The equations of soil shrinkage curve based only on the pedostructure concept. The original equations of W ma and W mi , (1a) and (1b) used by for modeling the shrinkage curve, were established based only on the pedostructure concept and hence were not thermodynamically based. However, they give the same shapes of curve than the thermodynamically based equations derived in the previous section, namely:
Equations (19) and (20), as this will be shown in the results section. They have the same number of parameters: (k M and W M ) and (E ma /A and E/A), and hence, the parameters of one curve can be calculated from the others by fitting the corresponding equations. Therefore, the measured soil shrinkage curves, that can be considered also as successions of equilibrium states between the micro and macro poral waters during the slow drying by evaporation, could be written in terms of W eq ma and W eq mi using the soil shrinkage curve equation of :
where K re , K bs , K st , and K ip are the slopes at inflection points of the measured soil shrinkage curve when they exist, namely, residual, basic, structural and interpedal, respectively (Figure 3) . 
Parameters of these equations: (9) and (10) of the micro and macro water contents of the pedostructure will be now calculated according to W' instead of W, such as: Air entry point and residual shrinkage phase, interpretation. In Equation (27), K bs appears like a structural coefficient linking the two scales of organization: the primary peds whose volume is V mi = Vp mi + V s ( Table 1 ) and their assembly constituting the pedostructure of volume V, such that ρ w K bs = dV/dV mi = ρ w dV/dw ′ eq bs at least until the air entry point B. We assume in Equation (27) that, if the pedostructure is stable, K bs stays constant all along the water evaporation and that Vp mi decreases while remaining water-saturated from W sat to the supposed air entry point W B at the end of the basic shrinkage phase of the shrinkage curve (see Figure 3) , such that:
The point B on the soil shrinkage curve marking the deviation from the basic phase of slope K bs , has been usually interpreted as an air entry into the micropore system (Sposito and Giraldez, 1976; . However, instead of assuming an external air entry in the micro pore system, one can hypotheses that some water vapor bubbles are created in a saturated site occupied by w bs which cannot shrink anymore because of the steric hindrance of clay particles that necessarily intervenes at a certain time of their re-organization during the shrinkage process. So, for W < W B in the residual phase, at the same time as a w bs site disappears, a new site of w re is created. Thus, w bs is disappearing progressively because of such steric hindrance between particles and the bubbles of water vapor which are taking place in Vp mi , at equilibrium with W mi residual. Since the primary peds medium is homogeneous, one can assume that any shrinkage of Vp mi is equal in volume to the loss in w bs , regardless the apparition of bubbles in the microporal medium and until it is totally occupied by w re and the water vapor. This process, disappearance of w bs sites in favor of new sites of w re can be described and modeled according to Equation (28), noticing that the relation max (w re ) = W eq miN ∼ = W N remains valid since W eq ma is near to 0 in this part of the curve (residual shrinkage).
The pedostructure water retention curve
Case of pedostructural water free of W ip . The important result of the demonstration above is that the thermodynamically based equation of what is traditionally called "the soil moisture characteristic curve" or "the soil water retention curve," h(W), corresponds in fact to the pedostructure water retention curve at equilibrium of the water tensions (or pressure) inside and outside of the primary peds in the pedostructure Equation (21).
Hence, the water retention curve of the pedostructure Equation (14) which is a suit of equilibrium states between the micro and macropore systems, can be written such as: 
However, Equation (20) manifests the only case where the soil water potential can be written directly as:
It seems, in this case, like there are no aggregates in the considered medium which then would be totally homogeneous without any organization of the porous medium distinguishing rigid unsaturated zones (indexed ma) surrounding deformable saturated zones (indexed mi).
Case of pedostructural water containing W ip . This shrinkage phase is the shrinkage of Vp ma due to the W ip removal without any air entry in the system. W ip belongs to only the homogeneous interpedal space under influence of E ma , the same surface charges environment than W ma , the macroporal water content of the couple (W ma /W m ); thus developing a water pressure h ip that should be written according to Equation (31), such that:
where W 0 ip is a constant corresponding to the air entry pressure head h • in the pedostructure, such as: 
MATERIALS AND METHODS
SOIL SAMPLES USED FOR VALIDATION OF THE THEORY
We want to validate the equations established in the theory presented above. For that, we need examples of shrinkage curves and water retention curves that were continuously and simultaneously measured on disturbed or undisturbed soil samples representing the pedostructure of soil medium. Three kinds of shrinkage curves found in the literature have been distinguished according to their shape as shown in Figure 5: -The shape of the shrinkage curve is clearly sigmoidal ( Figure 5A ) and there is no saturating interpedal phase due to W ip at the beginning of the curve near saturation. The three parameters K bs , K st , and K ip of the shrinkage curve Equation (27) are such that: K bs > 0.3; K st < 0.1 and K ip is equal to zero. This case is the most known and studied (Boivin et al., 2004; Braudeau et al., , 2005 Cornelis et al., 2006; Chertkov, 2012 ). -The shape is also sigmoidal but the shrinkage curve begins with a clear linear shrinkage phase parallel to the saturation line, due to the departure of the saturating interpedal water W ip ( Figure 5B ). This case is typically that of reconstituted pedostructure samples from 2 mm sieved aggregates (Braudeau et al., 1999; Betsogo Atoua, 2010 ). -There is no sigmoidal part visible on the shrinkage curve and the different shrinkage phases cannot be distinguished ( Figure 5C ). In this case, K st is greater than K bs and can reach values near 1 while K ip is taken equal to zero in the shrinkage curve Equation (27). This kind of shrinkage curve is generally observed on silty loam soils of which the aggregated structure is not well developed (Taboada et al., 2008; Salahat et al., 2012) .
Among these three groups, only the first one has examples of simultaneously measured shrinkage and retention curves that had been published (Braudeau and Mohtar, 2004) . The device used for these measurements is shown on Figure 4 . Two of these examples will be used in the present study. The two other groups will be represented in this study by selected soil samples of which the two characteristic curves were measured simultaneously and with a great accuracy using a new device named TypoSoil™ whose 
PEDOSTRUCTURE WATER CONTENTS AT EQUILIBRIUM (PWCE)
W eq mi (intra-primary peds PWCE) usage methodology is described in the second part of this article. It has been recently designed and built as the successor of the retractometer (Braudeau et al., 1999) to which has been added a device for measuring at the same time the shrinkage and the suction pressure of each of the measured samples (Figure 6) . Thus, the soil samples that have been chosen in this study come from two sources differentiated by the device used for the simultaneous measurement of the two curves. A general description of these soil samples is given below and summarized in Table 3 . Source I: Examples of data set measured using the device Figure 4 . They are available from the studies of Braudeau and Mohtar (2004) and Braudeau et al. (2005) . In these studies the authors made continuous and simultaneous measurement of the soil shrinkage curve and the soil water potential curve on undisturbed cylindrical soil samples (100 cm 3 ). The device (Figure 4 ) measured at the same time: the weight of the soil sample, its vertical diameter (as shrinkage of the sample was determined from the vertical change in the soil diameter due to the orientation of the soil core in the apparatus), and its water potential. In general, about 400 sets of measurements of the soil sample weight, diameter, and water potential were recorded for each sample.
PEDOSTRUCTURE WATER RETENTION AT EQUILIBRIUM (PWRE)
Source II: The two characteristic curves were measured simultaneously on soil samples selected in this study using the device represented in Figure 6 . Two different soil samples have been chosen to represent the two last types of shrinkage curves mentioned above: a soil sample of "Versailles soil" from France, and a soil sample of "Rodah" soil from Qatar.
Two pedostructure samples (prepared in cylinders of 5 cm diameter and height) from a same soil material sieved at 2 mm, known as "Sols du Closeaux à l'INRA de Versailles" (Rousseau, 2003) were reconstituted into the cylinders with a mixture of two different sizes of aggregates: [2-0.2 mm] and [<0.2 mm]. For preparing the soil samples, one kilogram of a disturbed soil was gathered, air dried, and 2 mm-sieved according to the protocol generally used in soil labs to obtain fine ground samples (aggregated soil material <2 mm) ready to analysis. Then, two soil samples labeled V4 and V5 were reconstituted by mixing two different sizes of aggregates according to [54% (coarse) -42% (fine)] and [72 -28%] , respectively (Betsogo Atoua, 2010).
Two undisturbed soil samples were taken from a "Rodah" soil. Rodah soil is potentially the most suitable soil for cultivation in the State of Qatar (Scheibert et al., 2005) . It will be more specifically studied in the second part "application" of this article. The soil samples used in this study have a silty clay loam texture and were given the codes RR3 and RR5 as shown in Table 2 .
FITTING OPTIMIZATION AND ESTIMATION OF CHARACTERISTIC PARAMETERS
In order to test and validate the theory and the resulting equations of state of the pedostructure: V (W) , h (W) , W eq ma (W) and W eq mi (W), we will use the measured data of the shrinkage and water retention curves of soil samples presented above to optimize the adjustment of the modeled curves which are represented by their characteristic parameters which actually are parameters of their physical equation.
The procedure used for the fittings and for determining the characteristic parameters of the curves was similar to the one used in for the shrinkage curve and in Salahat et al. (2012) for the water potential curve using the Microsoft Excel solver, but with considering the new equations established here for both curves. The sum of square of deviation between the measured and calculated curves was the target to minimalize using the Excel solver within a selected range of water content and according to the selected characteristic parameters put as variable parameters in the solver. Figure 7 presents the measured pedostructural shrinkage and water retention curves of each of the soil samples selected for the study. The fitting of these curves using their theoretical equations established above will be presented and discussed in the following section.
RESULTS AND DISCUSSION
DIFFERENT KINDS OF SOIL SHRINKAGE AND WATER POTENTIAL CURVES
The following comments can be made:
(1) The first soil example (the tropical soil, T140, T340) presents the classical sigmoidal shape of shrinkage curve most known in the literature and characterizing well-structured soil mediums (Lauritzen, 1948) . The different shrinkage phases: residual, basic, and structural are easily recognizable and the saturating interpedal shrinkage phase due to W ip is absent or weakly represented. This is an indication of the good cohesion between aggregates of the pedostructure for these soils (Braudeau et al., 2005) (26) and (29) of h eq = h eq mi/ma for this kind of soils (oxisols, kaolinitic, structure stable, and well developed). (2) The other soil samples do not present this cohesion of structure indicated by the sigmoid shape of the shrinkage curve. However, we must distinguish two cases: (i) the case where a sigmoidal shape of a part of the shrinkage curve is still recognizable such that the points W N , W M , and W L can be roughly positioned on the curve (i.e., Versailles soil "V4 and V5"), and (ii) the case where these points do not appear clearly on the curve as in the Rodah soil "RR3 and RR5." These two cases can be explained such that:
• In the first case [Versailles soil "V4 and V5"]: the soil samples present a shrinkage phase corresponding to the departure of W ip which is clearly identifiable on the shrinkage curve: parallel to the saturated line and in contrast with the structural shrinkage phase due to water change in w st through evaporation. Also the water retention is in this case: h eq = h eq mi/ma + h ip calculated using Equations (29) and (32).
• In the second case: Rodah soil "RR3 and RR5" on Figure 7 , the sigmoidal shape does not appear on the shrinkage curve: points N, M, L cannot be positioned. In this case, K bs is very small compared to K st which stays however inferior to 1. Accordingly, W L is fixed equal to W sat such that W ip = 0 and W = W ′ = W mi + W ma in Equations (26) and (29) for the calculus of the different state variables.
FITTING THE MEASURED CURVES BY THE THEORETICAL EQUATIONS
The pedostructure water retention curve h(W) and shrinkage curve V (W)have been established here like state equations corresponding to thermodynamic potential G (T, P, W) and FIGURE 7 | The measured soil shrinkage (blue) and water retention (orange) curves of the soil samples used as examples in this study. The two first samples T140 and T740 were measured in Braudeau and Mohtar (2004) using the device on Figure 4 , the others were measured in this study using TypoSoil™.
considering T and P constant. These equations are parametric and the adjustment between measured and calculated curves depends thus on the exact value of these parameters, which are also characteristic of the soil structure and its interaction with water. The optimization of the adjustment consists of approaching the closest to the set of the exact values of parameters of the measured curve. If the theoretical equations are correct and the measures accurate, the fit should be almost perfect, validating thus the theory. The procedure of optimization of the adjustment between theoretical and measured curves becomes then a useful mean of determination of the soil characteristic parameters. This procedure of optimization, using Excel and its solver, differs slightly according to the kind of pedostructures quoted above.
Stable (cohesive) and well aggregated pedostructure
This case corresponds to the kaolinitic soils from Ivory Coast [Figures7A, B] . There is no interpedal shrinkage phase and W ip = 0 (W L = W sat ). Results of the fitting of the both characteristic curves of the soil samples T140 and T740 taken as examples are presented on Figure 8 . The water retention curve is adjusted first. Then, the shrinkage curve is adjusted using its own parameters.
Adjustment of the water retention curve. Parameters of the water retention curve h(W) are: W maSat , W miSat , E mi , and E ma . They are the parameters of Equations (16a) and (16b) (29a) and (29b) for h ma and h mi . Figure 8A shows the fit of the water retention curve considered alone, using its parameters as variable parameters. Initialization of the parameters before to run the solver, valuable for all types of soil, is generally done as following:
• W miSat is represented on the curve by the point M such that W M = W miSat . This point is placed at h = 400 or 500 hPa on the curve as initial value of the optimization.
• W maSat is replaced by W Sat = W maSat + W miSat as variable parameter; the initial value or fixed value of W Sat is chosen at the beginning or at h = 0 kPa of the water retention curve.
• E mi is the quantity of surface charges of the clay-particles inside the primary peds and will be initialized at 40 J/kg.
• E ma , the charges at the external surface of primary peds, is replaced by E/E ma as variable parameter which is generally initialized at 100. The adjustment of the water retention curve is always excellent, as shown as example in Figures 8A,B for the sample T140. The deviation between the measured and calculated values does not exceed 10 hPa all along the range of validity of the tensiometer curve (here: 8-680 hPa). The values of parameters are given in Table 4 .
Adjustment of the shrinkage curve. For fitting the shrinkage curve, K bs is fixed to its value read on the curve (slope at point B) and the initialization of parameters concerns k N , W N , W M , E/E ma , that are such that: k N = 100, W N and W M take the values read on the shrinkage curve according to the corresponding shrinkage phases (see Figure 3 ) and E/E ma = 1.0. The adjustment of the shrinkage curve considered alone is always excellent as shown on Figure 8D ; however, as we can see on Table 4 , the parameters W M and E/E ma do not correspond to those found in the water retention adjustment.
We will see further that this discrepancy between the values of W M and E/E ma for the two curves does not appear with the data measured using TypoSoil™. It might be caused by the approximate calculus of the volume which used only the vertical measurement of the diameter of the sample (see Figure 4) as variable in the old method, compared to the tridimensional measurement of the soil sample in the new method (Figure 6 ).
Weakly consistent and little aggregated pedostructure
The sigmoidal shape is recognizable along with a saturated interpedal shrinkage phase parallel to the saturation line ( Figure 5) . This is the case of [Versailles soil "V4 and V5": Figures 6B,C] . For these soil samples, the two types of water: W eq ma (≡ w st ) and W ip ≡ w ip , are well distinguished on the shrinkage curve by the point L (Figure 3) 
and W L as variable parameters. As for the previous case, K bs is fixed to its value calculated from the curve. The adjustment of the shrinkage curve is made in once without any difficulty. Then, the two curves are fitted jointly minimizing the product of the sum of squares of deviation of the two curves and using the following variable parameters:
and W L ; W Sat being fixed at its value at h = 0.
Adjustments are excellent as we can see on Figure 9 for the Versailles soil samples. Figures 9A,B show the adjustment of the two curves made conjointly for the two samples V4 and V5. Results are given in Table 4 . Their characteristic parameters are very similar, indicating the good replicability of the samples manufacturing from the 2 mm sieved soil material. The quality of the adjustments can be seen on Figures 9C,D that show the regression lines between measured and calculated data for the two curves and for each sample. The fits of the water retention curves are particularly impressive: they are almost perfect within the range of validity of their measure that represents about 280 points: the maximum of absolute deviation being 5 hPa and the average less than 2.2 hPa.
Consistent but non-aggregated pedostructure
No sigmoidal part of the shrinkage curve, it corresponds to the residual, basic and structural shrinkage phases, with K st > K bs . This case is that of the Rodah soil samples. There are no mark on curves that might indicate the position of points L and M. The samples will be treated in the fitting of curves like in the first case where the pedostructural water content is composed of only W mi and W ma in equilibrium of potential in the macro and micropore spaces: W = W mi + W ma . The difference with the first case, where K st was considered near or equal to zero, is that the removal of the structural macropore water w st provokes a shrinkage of the medium with a strong slope of value intermediary between K bs and 1. The fit of the water retention curve can be made alone and is made in first, determining the four characteristic parameters: W M (= W miSat ) , E/E ma , E mi and W sat . The same excellent fits are obtained as above, providing the accurate values of these parameters, which can be seen on the Figure 10 . Then, the adjustment of the shrinkage curve is done using the parameters already fund and the following variable parameters: k N , W N , K bs , and K st of the shrinkage curve only. Initialization of variables is like for the cases above. Figure 10 shows the good adjustments of the two curves of soils represented by Rodah soils; in particular the measured and modeled water retention curves are almost superimposed on the Figures 10A,B for the two samples. The excellent quality of these adjustments can be appreciated on Figures 10C,D representing linear regressions between measured and calculated data of the two curves. Moreover, the two Rodah samples that were sampled in the same location have curves of similar shapes; this is reflected by near values of their parameters in Table 4 . It is an illustration, like in the previous case, of the good reproducibility of the measurement method and of the procedure of adjustment of the curves based on the use of their theoretical parametric equations.
DISCUSSION COMPARISON WITH THE PREVIOUS EQUATIONS OF THE SOIL WATER POTENTIAL CURVES
For each sample analyzed, the coefficient of regression between measured and calculated water retention curves was very closed to 1. This implies that the parameter σ in Equation (2) of h ma (W ma ) proposed before by is not needed. In fact, the role of σ introduced by these authors was to allow the fit of h ma calculated by Equation (2) on the reading of the tensiometer including the zone out of its validity where bubbles of water vapor have taken place in the tensiometer tube. Their hypothesis was that the tensiometer reading corresponded exactly to the water potential of the macropore interpedal water (W ma ), which is also our hypothesis, but they considered the relation h = h ma without the condition of h = h ma = h mi . Thus, the σ term was introduced in the equation of h ma and was ambiguously defined as transitional micro-poral water content at the interface with the macropore (interpedal) space; it was considered as one of the parameters of the water potential curve in few studies based on the pedostructure concept (Salahat et al., 2012; Singh et al., 2012) . However, if we apply the constraint of (h = h mi = h ma ) in the adjustment of the old equations of W ma , W mi , h ma , and h mi Equations (1a, 1b) and (2a, 2b) on a measured water retention curve h(W), we obtain almost the same results as if the new equations were used. Doing this, the obtained value for σ is near to zero and the calculated curves of w st (old equation) and W ma (new equation) are superimposed as shown on Figure 11 . The surprising result is this quasi-equivalence of shape between Equations (1) and (19) for W ma and (2) and (20) for W mi (Figure 11) . The essential difference stays in the fact that Equations (19) and (20) contain by themselves the constraint (h = h mi = h ma ) so we can use only one of the two equations to express the water retention curve, unlike the former Equations (1) and (2) that must be used together in the fitting of the measured water potential curve. This constraint of equality of potentials was already applied in Kamel® and KamelSoil computer models and in the other works mentioned above referring to the pedostructure concept (Mallory et al., 2011; Salahat et al., 2012; Singh et al., 2012) .
VALIDATION OF THE THEORY
The great assumptions that were made in the thermodynamic theory of the soil water (Sposito, 1981) for deducing the two soil moisture characteristic curves, h(W) and V (W) (at T and P constant) that have been validated here, were:
(i) The soil medium organization is well described by the pedostructure concept which defines its first levels of organization and the descriptive variables of its hydro-functional components, like W mi , W ma , W ip . (ii) W mi and W ma are two distinct physical components of the soil water phase whose the thermodynamic potentials G mi (T, P, W mi ) and G ma (T, P, W ma ) are equal to, respectively, E mi and E ma which are the potential energy of the surface charges of the clay particles, respectively inside and at the surface of primary peds. Therefore, G mi and G ma stay constant during a change in water content because the pedostructure organization stays stable (and so the clay surface charges distribution) in the wetting-drying cycles.
The excellent adjustments obtained of measured and theoretical curves confirm not only the validity of equations and parameters of these curves but also the systemic and thermodynamic approach that were used for finding their formulation.
HYDRO-FUNCTIONAL TYPOLOGY OF SOILS
We could see that two important characteristics of the clay mineral and of their arrangement in aggregates (E = E mi + E ma and E/E ma ) are easily extracted from measured water potential curves, as well as the maximum of water content possible into the both intra and inter primary peds pore space of the pedostructure: W miSat and W maSat . In fact the four parameters [W miSat , W maSat , E mi , and E ma ] characterize the hydrostructural equilibrium of this arrangement in aggregates, the pedostructure. An important implication of this hydro-thermodynamic equilibrium modeling of the soil medium is the possibility of establishing a functional typology of soils based on the hydrostructural characterization of its pedostructures. The typology of soils is to restart since pedostructure is now precisely defined as a thermodynamic system which is therefore completely characterized by the knowledge of its equations of equilibrium state [V(W) and h(W)] represented by their hydrostructural parameters. This thermodynamic typology of pedostructures would allow the linkage between different disciplines of the soil sciences such as soil mapping with remote sensing, biophysical modeling, and especially experiments in the laboratory of such characterized soil sample for analysis of biological processes in the soil medium.
CONCLUSIONS
These initial results demonstrate conclusively that there is no physical characterization without the acknowledgement of the hydrostructural and thermodynamic equilibrium of the soil medium organized in primary aggregates made of solid particles, such as clay particles, immersed in water, arranged in layers surrounding these particles, and itself surrounded by the air. We could not find the thermodynamic equation h(W) without resting the fundamentals of the soil water thermodynamics on the soil medium organization and the acknowledge of the two components W mi and W ma of the pedostructural water phase.
In this article, the distinction of the soil water content into two nested fractions, located inside and outside of the clayey plasma of the pedostructure, as previously evidenced by the shrinkage curve, has been physically and mathematically justified using a systemic and thermodynamic approach of the primary soil medium organization: the pedostructure. All the equations presented are based on the concept of pedostructure as a SREV of the soil medium in a soil horizon. The excellent adjustments obtained of the thermodynamic equations on the measured curves confirm the validity of these equations and their parameters, and also the systemic and thermodynamic approach that were used for finding their formulation. Applying the SREV concept to the current thermodynamic theory of the soil water led us to reformulate the two principal characteristic curves of the soil moisture in the frame of the thermodynamics of organization of the soil medium. These findings pave the way for a thermodynamic formulation of all exchanges (heat, space, solutions, gas) between biological organisms living in the soil and the soil medium itself which offers the physical conditions for their activities and development.
